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Preface

The purpose of this monograph is to devise guidelines for designers
who plan or maintain pump-turbine installations. Data are presented on
units that the Bureau installed in the past as well as on more recent
installations. Figures show operating characteristics and dimensional

expressions. International System of Units (SI) as well as U.S. customary
units are used.
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Letter Symbols and Quantities

C.=Ratio of fluid radial velocity to spouting
velocity
D;=Discharge diameter of impeller or en-
trance diameter of runner
D,=Minimum opening diameter of impeller
or runner
F.=Hydraulic thrust
f=Frequency, Hertz
ft=Foot
g=Gravitation constant (acceleration)
gal—=Gallon
H—=Head developed (pump) or absorbed
(turbine)
H zp—Dbest efficiency head developed (pump)
HBET=Best efficiency head absorbed (turbine)
H,=Atmospheric pressure (head)
H;=Hydraulic losses in pump suction
H,—=Static draft head, elevation difference
from D, to minimum tailwater
H,,—=Shutoff head of an impeller or runner
H,=Vapor pressure head of water
hy=Turbine design head
hp—Horsepower
k—=Efficiency factor
kg=Kilogram
kVA=Kilovolt-ampere
generator
kW=Kilowatt
Ib=Pound
M=Wicket gate height
MW =DMegawatt
m=—Meter

capacity of motor-

NPSH=Pump net positive suction head

iv

n=Rotational speed
np,=Pump best (peak) efficiency specific

speed
n.=—Turbine best (peak) efficiency specific
speed
PBEP=Best efficiency pump power input

P;=Turbine full-gate capacity at h,
P,=Pump power input
P,=Turbine capacity
p=Number of poles in generator-motor
QBE=Pump best efficiency discharge at HBE
Q:=Turbine full-gate discharge at H,
r/min=Revolution per minute
s=Second (time)
V=Peripheral velocity of impeller or runner
at D1
W=Impeller weight
Wi=Total pump-turbine weight
WR2=Product of the weight of revolving parts
and the square of the radius of
gyration

y=Gamma=—Specific weight of water
n=Eta—Hydraulic efficiency
1n.=Eta,— Generator efficiency
ne=Eta,=Pump design efficiency
ni=Eta,—Turbine design efficiency
n:pi:3.14159 e
o=Sigma=Cavitation coefficient
o,=Sigma begin
o—=Sigma critical
¢1=Phi,=anD,/ (60\/2gHBE) , velocity ratio
at Dy
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Introduction

Pumped-storage installations provide the
most efficient and practical means for storing
large quantities of energy. Large pump-turbines
such as the 100-MW units in the Bureau of
Reclamation’s Mt. Elbert Pumped-Storage
Powerplant near Leadville, Colo.,, can have
overall efficiencies of approximately 75 percent.
The overall efficiency includes hydraulic losses
and electrical losses associated with the
generator-motor and transformer.

Although pumped storage does not increase
power system energy supply (unless there is
natural inflow into the upper reservoir), the
large number of pumped-storage systems built
worldwide since the 1950’s attests to their value
in power systems for leveling the peaks and
valleys of a typical electrical utility load curve,
and for providing emergency power [1].1
Pumped storage combined with thermal gen-
erating capacity allows thermal units to operate
at nearly constant output and best (peak)
efficiency (BE).

A thermal plant using pump-turbines for pro-
viding peaking power can have a higher overall
system efficiency than a system that uses gas
turbines, another commonly used method for
providing peaking power. The pumped-storage
efficiency of 75 percent with a baseload plant
thermal efficiency of 40 percent gives an overall
efficiency of 30 percent as compared to a gas
turbine efficiency of 20 percent.

This higher overall efficiency is obtained
either with relatively inexpensive nuclear en-
ergy or coal fuel as opposed to the increasingly
scarce, expensive natural gas or petroleum fuels

! Numbers in brackets refer to items in the bibliogra-
phy.

used in gas turbine operation. Obviously, gas
turbines have advantages—design and construc-
tion times are considerably less than the 4 to 6
years required to design and build a pumped-
storage facility, the initial capital investment
is small compared to a pumped-storage installa-
tion, and gas turbines are not subject to
geographical site limitations as is a pumped-
storage facility.

A pumped-storage installation provides flexi-
bility in adapting to power outages. During
the pumping cycle the pumping input load is a
large interruptable load that can be readily
removed from the system. When a pump-turbine
is at speed-no-load (spinning reserve) it can
assume full output load in 4 to 10 seconds com-
pared to the half hour required for a steam
plant to achieve maximum output from spin-
ning reserve. Because of its ability to store
energy efficiently, pumped storage could ad-
vance energy development from unconventional
sources, such as solar and wind.

The Bureau’s Flatiron pump-turbine was the
first reversible pump-turbine installed in the
United States. It began operation in 1954.
Presently, the Bureau has 23 reversible units
installed and 6 more under construction. None
of the units is used exclusively for power gen-
eration since all are part of multipurpose water
development projects which provide water
either for irrigation or municipal and indus-
trial use.

Basically, a pump-turbine is a pump that
operates in the reverse to generate power.
Figures included compare various characteris-
tics of the three classes of hydraulic machines;
i.e., pump, turbine, and pump-turbine.






Unit Selection

Speed

Many characteristics of the pump-turbine,
pump, and turbine are plotted as the ordinate
and specific speed as the abscissa. Any hydraulic
machine will have a range of specific speeds
for a given rotational speed, depending on the
operating point; however, the specific speed at
the best (peak) efficiency operating point is
customarily used as an index number for de-
scribing the geometrical configurations of the
machine and the shape of the characteristic
curves. The specific speed at peak efficiency of
a hydraulic machine does not change with
changes in rotational speed. All references of
pump-turbine specific speed refer to the specific
speed at the best efficiency point (BE).

The units of specific speed are noted to re-
mind the reader which parameters express the
characteristic speed. For brevity, head and
speed are omitted. Comparable formulas are
included in the Hydraulic Similarity section.

1. The pump best efficiency specific speed
(n,) is defined by the equation:

n(Q._ )z
Mp=—(ﬁ (1)

where:

n—=rotational speed, r/min,
ng,=pump best efficiency specific speed, ft-
gal/min (m-m3/s),
H__=pump best efficiency head, ft (m), and
Qg =pump best efficiency discharge, gal/min

(m3/s).

2. The turbine design specific speed (ng) is
defined by the equation:
Pd 1/2
n(P,) /2 n(hdl/z)

IO @

Ngt—
where:

n=rotational speed, r/min,

ny—=turbine design specific speed,

hy=turbine design head, ft (m), and

Py=—turbine full-gate capacity (at h,), hp;
however, for comparing hydraulic ma-
chines the following will establish tur-
bine output of a pump-turbine as that
obtained at the gate opening and head
(HBE) where best (peak) efficiency is
attained.

It can be shown that equations (1) and (2)
have correlation upon substitution of discharge
(Q) times head (H) for power (P) into equa-
tion (2).

Stepanoff [2], using the same parameters, Q
and H, for both machines, expressed the rela-
tionship between pump and turbine specific
speeds as:

Ne=Ng,* M (3)
where:

n,=turbine specific speed,

n,—pump specific speed, and

n=hydraulic efficiency, approximately equal
to the square root of the pump best
efficiency.

Because pump criteria dominates the selection

of a pump-turbine, the following treatment ap-
3



4 ESTIMATING REVERSIBLE PUMP-TURBINE CHARACTERISTICS

plies the pump specific speed (n,,) formula to
all three classes of machines. Of particular in-
terest is the comparison of the calculated spe-
cific speeds for a pump-turbine when analyzed
at best efficiency turbine operation and best effi-
ciency pump operation. It is apparent from the
nearly equal values of pump and turbine spe-
cific speeds in table 1 that specific speed does, in
fact, define similar hydraulic low parameters.

Comparative specific speed formulas are
shown in the Hydraulic Similarity section.

If an impeller/runner was selected only on
the basis of turbine performance and the pump-
turbine operated in the turbine direction, ex-
pected efficiencies could be equal to or greater
than that of a pure turbine [3]. While the tur-
bine best efficiency head is 15 to 30 percent
greater than the pump best efficiency head (fig.
10), in actual practice when pumping perfor-
mance must be considered, there is a sacrifice
of approximately 1 percent of turbine efficiency
for a pump-turbine as opposed to a pure tur-
bine, The theoretical minimum value of the

ratio of turbine best efficiency head (HBET) to

pump best efficiency head (HBEP) for a pump-
turbine [4] is:

o

BET _ 1
Mo * Mt

4

=

BEP
where:

ny=pump hydraulic efficiency, and
1nyw=turbine hydraulic efficiency.

The value of the ratio of turbine best effi-
ciency head to pump best efficiency head in-
creases as specific speed increases. Using the
headwater and tailwater surface elevations as
reference, there is a further divergence of the
turbine best efficiency head from the pump best
efficiency head caused by penstock losses. Ad-
justment of the turbine best efficiency head to
pump best efficiency head ratio is possible by
varying the rotational speed (n), such as by
using a two-speed generator-motor.

When either pumping or generating, consid-
eration must be given to avoiding cavitation
damage and vibration that occur at heads
greatly removed from that of the respective

TABLE 1.—Best efficiency pump and turbine specific speeds for pump-turbines

Turbine ng,

Pump n,,

Unit

Pump-turbine No. ft-gal/min

m-m*/s

U.S.

ft-hp m-kW ft-gal/min m-m®/s

San Luis 1.8
Central Valley
Project, California

Flatiron 3
Colorado-Big
Thompson Project,
Colorado

Mt. Elbert*
Fryingpan-Arkansas
Project, Colorado

Grand Coulee* P/G T
Columbia Basin & 8
Project, Washington

Senator Wash 1-6
Colorado River
Front Work and
Levee System,
California

1,850

1,960

P/G 1 2,160
2,320

4,300

35.8 28.5 108 1,950 37.7

37.9 30.2 115 1,950 37.7

41.8 83.2 127 2,240 43.3

44.9 35.7 136 2,640 51.1

83.2 66.2 252 4,650 89.9

* Model data.
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rotation Yo

PLAN
PUMP-TURBINE IMPELLER

D, turbine=0.7 D; pump
D2 turbine=0.83 Dy turbine=0.6 D, pump

D, pump = D, turbine

Nsp = 2,000 gal/min (38.7 m¥s)
Nyt =30.8 U.S. hp units {117.3 kW units)

FIGURE 1.—Comparison of pump-turbine impeller and turbine runner designed for operation at the same head and
speed. 106-D-356.

best efficiency head. A multispeed generator-
motor can be used for a pump-turbine operat-
ing over a wide head range. In the future, solid-
state variable speed control may be practical.
The suggested maximum head range relative to
pump best efficiency head for a single-speed
pump-turbine is shown in table 2.

TABLE 2.—Permissible operating head range
(percent of Hygpp)

Maximum Minimum

Pump specific speed, n,

head head
ft-gal/min m-m*/s percent percent
less than 1,500 less than 29 110 95
1,500 - 2,000 29 -38.7 115 90
2,000 - 3,500 38.7-67.7 125 85
3,500 or greater 67.7 or greater 130 70

The limitations in table 2 are based on data
from existing units and should not be consid-
ered absolute. Some existing units exceed these
limits and a few units with operating ranges
that fall within the specified range experience
considerable noise, rough operation, and in-

creased maintenance when operating at the ex-
treme. The amount of time that a unit is expect-
ed to operate at the extreme high or low heads
is a factor in determining the permissible oper-
ating head range. Refer to “Submergence of
Unit” for operating limitations based on cavi-
tation.

High specific speed pumps have relatively
steep head-discharge curves as shown on figure
4; thus, they are more able to operate within a
wide head range.

Table 8 shows operating heads of the Bu-
reau’s pump-turbine units. The Flatiron pump-
turbine operates in the turbine mode at 257
r/min and in the pump mode at 300 r/min. The
San Luis pump-turbines can operate either as a
pump or a turbine at either 120 or 150 r/min,
whichever effects best efficiency for a given
head. Flatiron and San Luis, both with two-
speed generator-motors, are the Bureau’s only
reversible pump-turbine installations where a
turbine best efficiency head falls within maxi-
mum and minimum heads.



6 ESTIMATING REVERSIBLE PUMP-TURBINE CHARACTERISTICS

TABLE 3.—Operating heads of Bureau of Reclumation pump-turbines

Senator Grand
Plant Flatiron San Luis Wash Coulee Mt. Elbert
r/min 257 300 120 150 360 200 180
Turbine Min. Turbine Min. Turbine Min. | Turbine Min. |[Turbine Min.
140 (42.7) 109 (33.2) 27 (8.2) 263 (80.2) 390 (118.9)
i~ Pump Min.
% 113 (34.4)
E Pump Min., |Pump BE Pump Min. |Pump Min. |Pump Min.
2 170 (51.8) 178 (54.2) 31 (9.4) 272 (82.9) 420 (128.0)
3]
q',‘ Pump Max. Pump Min.
g 200 (61.0) 200 (61.0)
E: Turbine BE Turbine BE Pump BE |Pump BE  |Pump BE
g, 218 (66.4) 215 (65.5) 64 (19.5) | 287 (87.5) | 440 (1341)
)
‘@ Pump BE Turbine Max. Turbine Min. |Turbine Max.| Turbine Max. | Turbine Max.
K] 250 (76.2) 260 (79.2) 260 (79.2) 71 (21.6) 352 (107.8) | 475 (144.8)
[=]
E Pump BE
S 272 (82.9)
”§ Turbine Max. Turbine Max. |Pump Max. | Pump Max. |Pump Max.
& 290 (88.4) 323 (98.5) 74 (22.6) 365 (111.3) 485 (147.8)
4
'?is Pump Max., | . 1
H 332 (101.2)
-3
§ Pump Max, | = &
© 300 (91.4)
Turbine BE |Turbine BE | Turbine BE | Turbine BE
340 (103.6) | 80 (24.4) 365+ 525 (160.0)
(111.34)

* BE — Best efficiency head

The allowable variation of operating head is
narrower for pump-turbines than for real tur-
bines. Monograph No. 20 indicates the permissi-
ble head range to be between 65 and 125 per-
cent of the design head—*. . . the net head at
which peak efficiency is desired.”—for a Francis
turbine [5]. Figure 2 shows pump-turbine char-
acteristics as a function of head and rotational
speed for the Bureau’s Mt. Elbert Unit P/G 1.
This particular pump-turbine is not capable of
generating power at heads below 67 percent of
the pump best efficiency head.

Because a pump-turbine has a larger diam-
eter (D,) compared to a turbine, the shutoff
head is considerably greater for a pump-turbine
rotating in the turbine direction than for a com-
parable turbine operating at the same speed.
It is more likely that the turbine shutoff head

will be in the operating head range for a pump-
turbine than for a turbine. Selection of pump
best efficiency head .or design head near the
lower end of the operating head range favors
turbine operation at the expense of pump opera-
tion. With the pump design head near the mini-
mum head, turbine operation is possible at mini-
mum head and the turbine best efficiency point
is more likely to occur within the operating
head range.

For multispeed operation, if rotational speed
varies with the square root of the head, the effi-
ciency will remain nearly constant regardless
of change in head, and turbine power output
will be possible as the head decreases toward
zero head. See the four-quadrant diagram on
figure 19 for a more detailed description of
changes in pump characteristics with changes
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FIGURE 2.—Variation of pump-turbine efficiency and turbine output with speed and head. 106-D-357.
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UNIT SELECTION 9

in speed or size as established by pump-turbine
similarity laws.

Figure 1 shows a turbine runner compared
to a pump-turbine impeller having the same
specific speed and selected to operate at the
same head and rotational speed. The pump-
turbine impeller diameter (D;) is 30 percent
greater than that of a turbine runner. Because
the passages are shorter in a turbine runner,
deceleration of water, when the runner is used
as a pump, is too abrupt for efficient diffusion
within the runner. Conversely, water is accel-
erated in the turbine direction; however, hy-
draulic acceleration is inherently more efficient
than deceleration. The acceleration process does
not cause a significant loss in the efficiency of
the turbine runner.

A turbine runner has two to three times more
blades than a pump-turbine impeller. The direc-

D= 0.52 D,radial

Ngp=1,500 (29 m¥/s)

Note: D, expressions are bosed on the same
capacitles and rotationa! speeds

150 |

o\o N Head . T
o &
2 ] &

S 100] & 100

PmIOO:. < i
& P
i ]
e 1 g

% 50! & so0l

I i w 4
T ] S
4 o

0‘ A Y]

0 50 100 0

Qe /Qgep-%

Ngp=4,000 (77m¥s)

Hgep=0.18 Hgep » radial

tion of water flow at the outer periphery is
more radial for a turbine runner than for a
pump-turbine impeller. The throat diameter
(D) will be nearly equal for either a turbine
runner or pump-turbine impeller operating at
the same head and speed. As indicated on figure
11, the throat diameter (D,) of a pump-turbine
is approximately 10 percent greater than that
of a comparable centrifugal pump for the same
specific speed. The dimensional expressions of
diameters shown on figure 1 were derived from
figures 10 through 138.

Effects of Specific Speed on Pump
Performance

Figure 3 shows the range for operating head
versus pump specific speed of many worldwide

Mixed

0,=0.4 D;,radial
Ngp=10,000 (193 mYs)

Hagp = 0.04 Hggp,radial

3004

H/Hgep, P/Rep, Tp/ Megp~%o

50 100

Qp/Qpep-% Qp /Qeep-%

FIGURE 4.—Comparison of pump impellers and characteristic qurves with specific speed. 106-D-359.
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pump-turbine units. On figure 8, the term

n,\/H plots as a straight line of a constant
value. Pump-turbine manufacturers consider
this term a basic design parameter, in addition
to head and size. There is not a theoretical limit
to this parameter. The curves show that the
pump-turbine manufacturers’ present experi-
ence limit is:

n,,H¥/2=70,000 ft-gal/min (U.S.units) (5)
n,H/2=750 m-m3/s (metric units)

When deep submergence is prohibitively ex-
pensive, the limiting factor will be a lower
value of the experience limit, ne\/H.

Figure 4 compares impeller geometry and
characteristic curves of three different pumps
with different specific speeds and having like
rotational speeds and capacities. The general
category of centrifugal pumps is:

1. Centrifugal pumps (radial-flow) with
radial discharge having low values of spe-
cific speed—Iless than 4,000 gal/min (77
m3/s). The hydraulic passages in centrifu-
gal pump impellers are relatively long and
the cross sections relatively small. As the
specific speed decreases, the passages be-
come longer.

2. Diagonal flow (mixed-flow) pumps
having specific speeds in the range of 4,000
to 8,000 gal/min (77 to 155 m3/s8). They
have axial and radial components of veloc-
ity at the impeller discharge.

3. Propeller pumps (axial-flow) with
axial discharge having specific speeds
greater than 8,000 gal/min (155 m3/s). The
hydraulic passages through the impeller
are relatively short and larger in cross
section.

Upon comparison of low specific speed pumps
with high specific speed pumps, figure 4 shows
that for a high specific speed pump, the best
efficiency point occurs near zero head and maxi-
mum discharge. The slope of the head versus
discharge curve for a high specific speed pump
will rise relatively steep from the best efficiency
point to shutoff head, and the power input will
increase with increasing head. For a low spe-
cific speed pump, the best efficiency point will

occur near the shutoff head. The lower the spe-
cific speed, the less becomes the slope of the
head versus discharge curve from best efficiency
head to shutoff head. The maximum power input
to the pump usually will occur just below best
efficiency head and will decrease with increasing
head.

Generally, the higher the specific speed of the
pump, the smaller the physical dimensions for
a given capacity and head. Pumps that have the
highest attained efficiency are those with spe-
cific speeds approximating 2,500 gal/min (48
m3/s). To prevent cavitation at a given head,
the submergence required for a pump will in-
crease as specific speed increases.

Effects of Wicket Gates on Pump Performance

Although wicket gates are provided on pump-
turbines primarily for controlling turbine load,
the plot of pump characteristics for pump-
turbines versus wicket gates (represented by
dashed lines on figs. 5, 6, and 7), also shows
that wicket gates are beneficial for pump opera-
tion. During pump operation, the position of
the wicket gates is usually set at the point
where the best efficiency can be obtained—at
the given head—with decreasing gate opening
correction for an increasing head. Under cer-
tain conditions, such as pumping at low head,
the gate position is adjusted to decrease the
power input or to reduce capacity for prevent-
ing undue cavitation.

When operating at heads other than best effi-
ciency head, the decrease in pump efficiency for
pump-turbines with wicket gates is less than
the decrease in efficiency of pumps without
wicket gates. Also, at shuloff head the conver-
sion of velocity head to pressure head is more
efficient for a pump-turbine with wicket gates;
thus resulting in a higher shutoff head (gates
closed) and a reduced power input than for a
comparable pump without wicket gates.

Submergence of Unit

To prevent excessive cavitation in pump-
turbines, submergence requirements are more
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demanding for pump operation than for turbine
operation. The term customarily used for de-
scribing the effects of cavitation on unit per-
formance or similarity of cavitation conditions
between machines having similar geometry and
hydraulic characteristics is defined as the
Thoma sigma (o) :

_ NPSH
L (6)

where:

H=head developed (pump) or absorbed
(turbine), ft (m),
NPSH=net positive suction head at some
location, ft (m), and
oer—=critical sigma value at which there
is an abrupt decrease in perfor-
mance of the hydraulic machine.

NPSH (net positive suction head) of the
pump is defined as:

NPSH=H,+H,—H,—H, (7
where:

H,=—static draft head with reference to tail-
water surface above impeller/runner
centerline, ft (m),

H,—atmospheric pressure head for altitude
at pump suction supply, ft (m),

H,=vapor pressure head of water for highest
expected temperature, ft (m), and

H=head loss in the pump suction line and
impeller approach, ft (m).

Table 4 compares critical sigmas at the same
head for both pump and turbine operation for
three of the Bureau’s reversible units. The
values were obtained from manufacturers’
model tests.

TABLE 4.—Comparison of pump and turbine critical

stgmas
P BE head
Pump-turbine —owp TR head Turbine oer Pump ger
ft m
Flatiron 250 76.2 0.05 0.10
Grand Coulee 287 87.5 .07 13
Mt. Elbert 440 134.1 .08 A7

The table reveals that substantially more sub-
mergence is required for pump operation than
for turbine operation.

Figure 8 shows critical sigma as a function of
specific speed at best efficiency pumping head.

Although critical sigma increases with increas-
ing specific speed, cavitation can be tolerated at
the lower heads which are usually associated
with high specific speed pumps. The destructive
effects of cavitation increase with the cube of
the head [7].

Figure 9 shows how critical sigma varies with
head for several large pumps and pump-
turbines. The relationship of critical sigma with
specific speed shown by the expressions on fig-
ure 8 can be considered a general law, but the
design of an impeller for a particular specific
speed can be varied to some extent by varying
the throat diameter and the impeller vane en-
trance angle to obtain the desired suction per-
formance. This variation in design of suction
performance is the reason sigma curves cross
each other, as shown on figure 9, for impellers
of different specific speeds. The interrelations,
nevertheless, can be approximated by the gen-
eral law of critical sigma versus specific speed.
Suction performance can be improved by sacri-
ficing pump efficiency [16].

Localized cavitation usually occurs at sigma
values higher than the critical sigma values. Al-
though localized cavitation is too limited to
have an appreciable effect on the pump effi-
ciency, it is of concern since sufficient material
can erode from an impeller to affect the struc-
tural integrity of the impeller. The Bureau de-
fines excessive cavitation as the removal of
0.00004 pounds of metal per operating hour
per square foot of impeller/runner throat area
(at D,) or:

Pounds= 4.0+ 1075 (hours) (area, ft?) (8)
Kilograms=19.5 » 10 (hours) (area, m?)

The above formula is for aluminum bronze
and stainless steel. For carbon steel the allow-
able rate of metal removal is four times greater.,

The conditions at which cavitation is first ob-
served in pump model tests, using a transparent
suction tube, are defined as sigma begin (o).
The dashed line on figure 8 represents the
sigma begin values obtained by a hydraulic
equipment manufacturer [16].

As a compromise between the deep setting
required of pumps for eliminating cavitation
and the likelihood of attendant excavation and
structural costs, units under heads of 400 ft
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(122 m) are designed with the intent that they
will be exposed to limited cavitation. Avoiding
cavitation becomes more critical at heads above
400 ft. Because of the relative compactness of
high head hydraulic equipment, it is feasible to
excavate underground caverns to obtain the re-
quired submergence. Figure 8 indicates that the
trend is toward underground plants at high
heads.

The available submergence at the plant should
be studied over the operating head range to en-
sure that the plant sigma is greater than eritical
sigma for the major portion of the operating
schedule. Inadequate submergence usually pre-
sents problems at the maximum and minimum
of the operating head range. A pump-turbine
that has adequate submergence for pump opera-
tion usually has sufficient submergence for tur-
bine operation. Critical sigma for turbine opera-
tion at maximum head and minimum tailwater
may be greater than the pump critical sigma for
this condition.

Cavitation, noise, and vibration will occur re-
gardless of the available submergence when op-
erating under conditions greatly removed from
the best efficiency point because of the differ-
ence in orientation between the fluid velocity
vector and the impeller vane tip at the point
where fluid enters the impeller.

Sizing the Pump-Turbine

Figures 10, 11, and 12 show several impeller
characteristics as a function of specific speed.
Figure 10, which shows a plot of the ratio of
peripheral velocity at D, to the water spouting
velocity as a function of specific speed, is of
particular interest. This velocity ratio is com-
monly represented by the symbol ¢,. The value
of ¢, defines the relationship between the best
efficiency head, rotational speed, and diameter
of the impeller in the following expression:

. anD, 9)
H=0eH, )"

_ 653-10%nD,
- (HBE) 1/2

_11.8-10°nD,
o (Hg”

(U.S)

(metrie)

where:
n—rotational speed, r/min,
D;=discharge diameter of impeller or en-
trance diameter of runner, ft (m),
and
HBE=best efficlency head developed (pump)
or absorbed (turbine), ft (m)
The rotational speed (n) of a generator-
motor is given by the equation:
_60f

where:
f—frequency, Hz
p=an even integer representing the number
of poles in the generator-motor. For
large machines p should be a multiple
of four.

Hypothetical Case
An example for estimating pump-turbine
characteristics follows:

A pump-turbine is planned with design con-
ditions of :

Output

Head

Turbine operating range

: 100 MW,

: 1,000 ft (305 m),
: 935 to 1,045 ft
(285 t0319m),
and

955 to 1,065 ft
(291 to 825m).

Pump operating range :

Assumptions:

¢ That 1,000 ft (305 m) is the pump best
(peak) efficiency head,

e That turbine efficiency is 89 percent at
full gate and design head,

¢ That pump efficiency is 92 percent at best
efficiency head, and

¢ That a value of 32 ft (9.75 m) is used for
H,—H,—H; (pump mode).

Notes:

The assumptions of efficiency values,
based on figures in table 5, are reasonable
for this size unit. The turbine efficiency is
at the net head where the full-gate output
of the turbine produces the generator de-
sign output (not the turbine best efficiency
point, which usually occurs near maximum
head).

Since a pump with a specific speed in the
2,500 gal/min (48.4 m3/s) range is the



TABLE 5.—Reversible pump-turbine data.

- = T : i - i ul e
Pump best 'emc;:n:z head unless I?g:‘%fl rep o Hogn Pumor;e)ﬂ P:me:‘n%:f o2y Operoting ':"t:g:::\eum Tqu:tbem:rfiirgu“ency fgg;pﬂ:;‘&?e pg"l’?eprll&g'w ?z,,:&.l,m:‘?;( Manu-
Powerplont Head H, Discharge. Q at Hgep | speed : efficiency head H D, head range efficiency t H best efficency heod 10il fac-
tt (m) 11/min (m¥s) | r/min | goi/min (m3%) percent hp  (MW) ft im) ft  (m) percent percent Py/ Pegp ft  (m) turer
Ohira 1635 (498) 1680 (47.6) | w00 1340 (25.9) 18.7 (1.78) Fiwii-m?o‘ o T
Blenheim Gilboa 1080Min (329) {2880 (81.6) [257 1770Max(34. 2) 9.6 (6.0) -2, % 27wy H
Coo-Trois Ponts 850R_(259) 1620R (45,9) | 300 1600 he (30.9) "‘{EJH % 920 2 o) A-C
Okutataragi 1250 (381) 2600 (73.6) | 300 1530 (29.6) 89 410,000 (306) '."._, B 128-413. 1) 89 38 0.95 (46.2-78.2) M H
Cruachan 1094Min {333) 1126 (31.9) |500 1850Max (36) 0.5 (3.2) {333, 4367, 3) {g,._“_,, orn B
Cruachan do do 600 2200Max (43) 8.9 12.74) EE
Ronkhausen ST B ) 500 M 3 9.05 {2.76 mm " .10 ™
Ronkhausen do es0 1193 500 79,000 {85.9 o1 {z.8) " 1.22 B
Bear Swamp 685Min (208) 4430 (125.5) |225 | 2350Max (¥5.%)|  91.5 1917 (5.8) o8 av230.7) 92,5 B 0.5) W
Castaic 870Min (265) [3220 (91.2) |[257 1930Max {37.3) 19.16 (5.8 ) Ton 20081 H
Cabin Creek 12388 (377) |ewoR (23.8) [360 1100he(21.3) I ;;g'é 333, 1-373.7) A-C
Raccoon Mt. 956 (291) wsoo (i25)  [300  T2uwe (v7.2) 93 520,000 (388) | |82 {352 Zgiﬁi"” 93 88 1.02 T Norma A-C
Kisenyana SOMin (198 3350 [ar 225 | 2080 (%0.2) 90 310,000 (231) | 875 (5-71) T H
Shiroyama 510 (165) 1325 (37.5) |300 2120 (41) 90 85,000 (63.4)] 12.3 (3.75) T s 90 89 1.03 H
Yards Creek 691Min (210) |2175 (61.6) |2%0 1750Max (33.8) 186,000 (139) | 4 ¢ (5 %L 200-222.5 (7.62) BLK
Taum Sauk 760 (232) 2700 (76.5) | 200 1500 (29) 91.5 260,000 (19w) [}4:2 15:%8 9| 87 [HE A-C
Numappara 1600 (487) 1770 (50.2) |ars 1300 (25) 336,000 (250) | 16.3 (4.95) '@iz'_-j.n 7”’“ i) H
Shin-Naragawa 261 (80) 2840 (80.5) 144 2500 (48.3) 9| 93,000 (69.3) 9| 1.08 -3-87 H
Ikehara 384 (117) 2120 (60.1) |lso0 2010 (38.9) 8l 100,000 (74.6)| '6-7 (5.10) 9 9l 1.0 B 5y H
Grand Coulee P/G748 |287 (87) 1900 (53.8) [200 2640 (51) 9l.6 67,200 (50.1) ;“-,_eur‘;gg 91.6 88 1.08 7oL e ey N
Mt.Elbert P/G | 440 (134) 3200 (90.7) [180 2240 (43.3) 92.2 175,000 (130) |33 ]5:38 93 92 0.94 203 o A-C
Midono 260 (73) 2700 (76.5) |50 3000 (58) 92.5 80,000 (59.6)| '7-1 (5.2) 37 6281, 1) 91 9l 1.0 {7:9:21.9) 0
Omorigawa 360 {110) 390 (11) 400 1960 (37.9) 89 18,100 (13.5}| 7-54 (2.3) )] 90 87 0,99 (515.7) H
Lugington 305Min (93) |i1,100 (314) |112.5 |3u60Max (66.9) 7.5 (2.375) a0 H
Jocassee 312 (95) 5740 (163) 120 |2680 (49.9) 94 2J8,000 (162) 93.5 89 1.18 gé'" A-C
Flatiron * 260 (76) 370 {10.5) 300pume 1 1850 (37.7) 8 11,600 (8.6) 89 88 0.93 Rl A-C
San tuis [50% 272 (83) 17,00 (48.2) |I50 1930 (37.3) 92.5 57,000 (42.5) 92 90 0.88 5, H
San Luis 120* 180 (5%.8) 1300 {36.8) |120 | 1880 (36.4) 92,5 29,000 (21.6] 1.7 753 193359 92 90 1.0 RN H
Senator Wash * 64 (19.5) 194 (5.5) 360 | 4650 (89.9) 87 1,650 (1.23) 338 |}- & (i) 80 75 0.67 F-8
Smith Mt. 196 (59.7) 4250 (120) 105,9 | 2780 (53.8) 93.5 101,000 (75.3) 22-V7 ’-m e 92 90 1.08 A-C
Hiwassee 190 (57.9) 4320 (122) 105.9 | 2800 (5%.2) 93 101,000 (75.3) 2217 1€ 7¢ e 93 9l 0.89 (805-2.7) A-C
Lewiston 94 (28.6) 3200 (90.7) | 112.5 |us00 (87) 93 36,600 (26.8 :'Q;L_L-j; T1es0.21 92 89 1 A-C
* A-C-Allis Chalmers F-B-Fairbanks Morse
Units without wicket gotes. hr= Rated heod BLH-Baldwin Lima Hamilton H -Hitachi
** . . 6 -Boving M -Mitsubishi
gal/min ang m’(s are units representing EE -English Electric N -Nohab
US. and metric specific speeds. EW —Escher Wyss T _Toshiba 106 -D-379
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24 ESTIMATING REVERSIBLE PUMP-TURBINE CHARACTERISTICS

most efficient, this value is assumed for the
first trial.

In the example, limitations of size, speed,
or submergence are not placed on the unit
selection.

The turbine discharge (Q;) at full gate is
calculated from:

— _ QHyn,
P=MW = 37, £55 (US) 1)
__QdHyy, ;
MW—iO—z(l,O—OO) (metrlC)
Q— MW (1,341) 100 (1,341)

= 0.1184hyw,  0.1134 (1,000) 0.89
=1,329 ft3/s

MW 100

" 9804103 hym,  9.804 - 10~ (305) 0.89
=37.6 m3/s

Referring again to table 5, an assumed ratio
of unity is used for turbine output to pump in-
put at design head. This power ratio (P,/Pggp)
can be adjusted, within limits, by the pump-
turbine design or wicket gate position to obtain
a balance between motor input and generator
output over the operating range.

The pump discharge (QBE) calculation is:

QBE HBE i
QBE HBE v :
MW:WTID (102) 1,000 (metric)
Q — MW 1,341 v, _ 100 (1,341) 0.92
BET 0.1134H T (0.1134) 1,000
=1,088 f12/s
MW, 100 (0.92)
T 9.804-10 HBE*9.804 + 10~ (305)
=30.8 m3/s

The pump rotational speed (n) is caleulated
from the specific speed formula and, of course,
is the same for both customary and metric cal-
culations:

ng (Hp )% 2500 (1,000)%/4 .
h= (QBE) /2 77(60+ 7.48 - 1,088) 1/2—636 r/min
Cng(H )% 484 (305)34 636 £/min

=@ (3081”7

The rotational (synchronous) speeds close to

636 are 600 and 720 r/min. Because m/H value
of 80,000 gal/min (852 m3/s) (see fig. 3) is
beyond the current experience limit at a specific
speed of 2,500 gal/min (48.4 m3/s), a rotational
speed of 600 r/min is selected. Also, the num-
ber of poles which gives 600 r/min is divisible
by four. To maintain best efficiency head and
discharge for the design conditions, pump spe-
cific speed (the required parameter) should be
adjusted by the ratio of rotational speeds:

115, =2,500 (%):2,358 gal/min (45.6 m?/s)

If a specific speed value of 2,500 gal/min is
used at 600 r/min, either pump best efficiency
head or discharge and power will change. On
figure 10, ¢; equals 1.04 at a pump specific
speed of 2,358 gal/min,

The impeller/runner diameter (D,) calcula-
tion is:
¢ (H)1/2  1.04 (1,000)1/2
6.53+103n " 6.53 - 10~ (600)

¢ (I 1.04 (305)12
_‘11,8 . 1().3 n ~—11.8 . 10_3 (600)——2558 m

Figures 11 and 12 are used to estimate the
impeller throat diameter (D,) and the wicket
gate height (M), respectively:

Wicket gate height:

M
D,

thus:
M=0.145 (8.894) =1.217 ft (0.371 m)

D= =8.394 ft

=0.145

Impeller throat diameter :

8.394
1.564

With reference to figure 14, spiral case dimen-
sions are calculated :

A=1.38 (8.394)=10.912 ft (8.326 m) radius
B=1.2 (8.394) =10.073 ft (3.070 m) radius
C=1.1 (8.394) = 9.233 ft (2.814 m) radius
E=1.0 (8.394)= 8.394 ft (2.558 m) radius
G=0.6 (8.394) = 5.036 ft (1.535 m) dia

=154 or D,= =5.451 ft (1.661 m)



UNIT SELECTION

hence:
A+C=20.145 ft (6.140 m) dia
B+E=18.467 ft (5.628 m) dia

Therefore, longitudinal and transverse dimen-
sions of the spiral case will be 20 by 18.5 ft (6.1
by 5.7 m), respectively.

Figure 8 and equations (6) and (7) are used
to calculate the required minimum submergence
(distributor centerline to minimum tailwater at
best efficiency head) :

op="7.2 106 (n,)43=T7.2-10-¢ (2,358)4/3=0.23
NPSH=He,=1,000 (0.23) =230 ft (70.1 m)
Let the sum of H,—H,—H;=32 ft (9.75 m)

The required minimum submergence (H,) at
best efficiency head is:

H,=230—32=198 ft (60.4 m)

By comparing 198 ft to actual submergence
values listed in table 5 for similar pump-tur-
bine installations, it is apparent that the sigma
begin (¢,) curve is quite conservative. Fre-
quently, sigma critical rather than sigma begin
is used as a submergence criteria for determin-
ing the pump-turbine setting. Ideally, submer-
gence calculations are based on the elevation at
D.,. Because of the uncertainties of the exact
impeller dimensions and sigma curve data,
during preliminary studies, submergence is
frequently based on distributor centerline ele-
vation for convenience. Consideration must
be given to the number of units operating
(capacity vs. tailwater).

A number of trial solutions may be necessary
to determine the submergence, as a compromise
of interrelated parameters of speed, specific
speed, unit size, and a submergence that is ade-
quate for the conditions. To illustrate, if the
above sample should have a limitation of 100 ft
(30.5 m) maximum submergence, selection of a
specific speed of approximately 1,400 gal/min
(27.1 m3/s) operating at 360 r/min would be
required. To satisfy the same turbine power
output, the lower specific speed unit would be
about 50 percent larger in size.
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Performance

Estimating Turbine Performance

Figure 15 has turbine characteristics super-
imposed on pump characteristics for a pump-
turbine without wicket gates and a specific
speed (n,) of 2,000 gal/min (88.7 m3/s).
Figures 16 and 17 show turbine characteristics
superimposed on pump characteristics for a
pump-turbine with wicket gates and a specific
speed of 2,640 gal/min (51.1 m3/s). Using the
pump best efficiency head, discharge, and power
values calculated in the previous example, pump
and turbine performance can be determined
from the curves at other heads. Note that tur-
bine power output is given in terms of a ratio;
i.e., turbine output to pump input (P./P,) at
the same head.

The maximum torque imposed on a pump or
pump-turbine does not occur at a normal operat-
ing point. After a pump power failure, maxi-

mum torque occurs upon flow reversal followed -

by speed reversal. Although this torque is
transient and can be reduced for a pump-
turbine with a normally functioning governor
by closure of the wicket gates, this torque
should be considered in the design of the shaft
and couplings.

The figures in this section are intended to aid
in estimating turbine performance over an op-
erating head range. Characteristics for these
units can be applied to units of similar specific
speeds. Also, allowance should be made for
correction of the turbine output to pump input
power ratio at pump best efficiency head, since

the ratio can vary within a range of 90 to 120
percent for pump-turbines (see table 5).

Estimating Runaway Speed

The curves on figure 18 give the ratio of
reverse runaway speed to rotational speed ver-
sus specific speed for hydraulic machines. A
curve is shown for pump power failure while
operating under pump best efficiency head [8].
Reverse runaway speed for a pump is the same
as runaway speed for a pump-turbine resulting
from a turbine load rejection. In accordance
with pump similarity laws, calculation of re-
verse runaway speed (n;) for a unit at a head
other than pump best efficiency head can be
determined as follows:

n=n_ (H/H, ) (13)

The overspeed values determined from the
curves on figure 18 represent steady-state over-
speed with wicket gates at best efficiency posi-
tion. An analysis that accounts for the water
conduit and unit characteristics, as well as the
rate of gate closure, is necessary for an accurate
overspeed determination under transient con-
ditions. However, the steady-state estimate is
suitable for a first order approximation since
the transient effects tend to cancel each other.

Pump-Turbine Four-Quadrant Diagram

Figure 19 is a four-quadrant diagram of a
pump-turbine with specific speed of 2,200 gal/
min (42.6 m3/s). The diagram describes the
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28 ESTIMATING REVERSIBLE PUMP-TURBINE CHARACTERISTICS

relation between discharge, head, speed, and
gate opening in four quadrants or modes of
pump-turbine operation. The diagram includes
all combinations of variables which a pump-
turbine is likely to encounter. Head-discharge
trends may be more readily interpreted from
figures 16 and 17, as both coordinates of the
four-quadrant diagram (fig.19) are shown as
a ratio of two variables.

The quadrants are numbered in the sequence
as direction of flow and sense of rotation en-
countered by the pump or pump-turbine after a
pump power failure. The quadrants do not
necessarily have to be followed in sequence to
arrive at a particular state, as the head and
magnitude and sense of rotational speed define
the state of the system. The quadrants and con-
ditions are described as follows:

I. Normal Pumping
A. Flow in pump direction
B. Rotation in pump sense

II. Energy Dissipation
A. Flow in turbine direction
B. Rotation in pump sense

I1I. Turbine
A. Flow in turbine direction
B. Rotation in turbine sense

IV. Reverse Pumping
A. Flow in pump direction
B. Rotation in turbine sense

A pump or pump-turbine will not go into the
fourth quadrant after a power failure because
the region above the zero torque (runaway) line
requires a power input; however, if a vertical
gate characteristic curve occurs in the zero
torque zero flow regime, the machine is unstable
and can operate in either the normal turbine
(IIT) or reverse pumping (IV) quadrants for a
given head and speed. A pump-turbine with a
vertical gate characteristic curve will be un-
stable for the turbine speed-no-load gate condi-
tion. Since the unit is connected across the line,
it can go into reverse pumping while drawing
power from the system [10]. The situation
probably occurs when the pump shutoff head
(at small gate openings), with rotation in the
turbine direction, exceeds the static hydraulic
head.

Stepanoff [2] expressed the theoretical shut-
off head (H,,) of an impeller as a function of
the diameter and rotational speed, and is inde-
pendent of the specific speed. Shutoff head can
be calculated by the following formula:

2
Hsozk ('Y—)
g

g—=gravitational constant (acceleration),

ft/s?2 (m/s?),
H,,=shutoff head, ft (m),

V=peripheral velocity of the impeller at D,,
ft/s (m/s), and

k=an efficiency for the conversion of veloc-
ity head to pressure head (about 0.58
for pumps without wicket gates).

(14)
where:

For pump-turbines with wicket gates, the
shutoff heads are higher than values calculated
with the above 0.58 efficiency. Presumably, this
higher shutoff head occurs because the wicket
gates restrict the volume in which the water
circulates, resulting in a higher velocity to
pressure conversion efficiency. Furthermore,
the assumption of constant conversion efficiency
regardless of specific speed does not seem strict-
ly to apply to pump-turbines with wicket gates.
The short, broad impeller passages of high spe-
cific speed pump-turbines probably allows more
fluid circulation within the impeller passages at
shutoff than do low specific speed pump-tur-
bines.

The lower velocity to pressure conversion effi-
ciency for high specific speed pump-turbines
(compared to low specific speed pump-tur-
bines), when rotating in the turbine direction,
serves as an advantage for turbine operation
because it permits turbine operation at a lower
head for a given single speed.

In addition to a turbine efficiency improve-
ment resulting from decreased turbine rota-
ticnal speed as described in the speed section,
figure 19 shows there is an increase in turbine
power output in certain head ranges with a
lower turbine speed. See figure 2, which is
based on the same pump-turbine unit as the
four-quadrant diagram (fig. 19).

The k values for the Bureau’s two pump-
turbine installations with wicket gates are
shown in table 6.
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FIGURE 16.—Turbine head, discharge, and efficiency superimposed on pump characteristics - Ry, = 2,640. 106-D-371.
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Note: Unit P/G |
ngp= 2240 gal /min units oo

=43.3 m/s units Best efficiency
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FIGURE 19.—Pump-turbine four-guadrant diagram. 106-D-874.
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TABLE 6.—E ficiency factor (k) for the conversion of
velocity head to pressure head

Mt. Elbert Grand Coulee
ng,= 2,240 ft- nsp=2,240 ft-
gal/min gal/min

Condition (43.3 m-m*/s) (51.1 m-m?®/s)

Normal pump rota-
tion-zero gate 0.68 0.66

Normal pump rota-
tion-100 percent

gate .62 .51
Turbine rotation-

zero gate 45 .37
Turbine rotation-

100 percent gate 32 .20

Weight, Inertia, and Hydraulic Downthrust

Figures 20 through 23 show impeller weight
(W), pump-turbine weight (W), impeller
moment of inertia (WR?), and hydraulic thrust
(Fy) as a function of impeller diameter (D).
All pumps and pump-turbines plotted on the
curves have spiral cases, with the exception of
the Snake Creek Unit, The Snake Creek Unit is
a vertical column pump having a bowl-type
diffuser.

The values obtained from the respective
curves are only rough estimates, but it is de-
sirable to have these figures available in the
early stages of planning. The generator-motor
moment of inertia, in addition to the impeller
complement, is used in the calculations to de-
termine transient pressures during pump power
failure or turbine load rejection. The impeller
and pump-turbine weights are used to obtain
cost estimates. The hydraulic thrust affects the
generator-motor design with respect to the
thrust bearing and bearing support.

The hydraulic thrust shown on figure 23
depends largely on factors other than the basic
hydraulics. The clearances at the periphery of
the impeller and at the wearing rings, the sur-
face configuration in the annular chambers be-
tween the head cover and impeller erown and
between the impeller suction band and the
suction discharge ring, and the size and ar-
rangement of relief ports for minimizing thrust
caused by these annular chambers all affect the
magnitude of the hydraulic thrust. The surface
configuration of the impeller in the annular
chambers affects the impeller pumping action

on the fluid in these chambers.

The hydraulic thrust curve shows the maxi-
mum net hydraulic downthrust, but for some
conditions a net upthrust can occur. This net
upthrust can be of the same magnitude as the
net downthrust values shown on the curve. De-
signers attempt to minimize the net upthrust,
since the net upthrust can exceed the weight of
the rotating parts and lift the rotating parts
off the thrust bearing [10].

It may be oversimplification to relate these
characteristics to a single function, D;, but this
term gives as good a correlation as other more
complicated functions which take into account
criteria such as head and specific speed.

The scatter of points on the figures is prob-
ably because each manufacturer’s particular
design and fabrication techniques have as great
an effect on the variables considered as do the
basic design parameters—head, speed, dis-
charge, or specific speed. For instance, the de-
cision whether to cast or fabricate an impeller
can make a substantial difference in the final
weight.

Hydraulic Similarity

For geometrically and hydraulically similar
machines (i.e., equal specific speeds), certain
performance data obtained for a unit of a given
size and speed can be used to determine the
performance for other size units and different
rotational speeds. The following laws give the
relationship of a point on a characteristic curve
for a given rotational speed and diameter with
respect to an equivalent point on another curve
with a different rotational speed and/or diam-
eter.

1. The affinity laws used for pump-turbine
scaling are:

V: _ nz | D
Vl-_ m D1

B (m) (2
H1 - ny D]
g-2 @)
Ql - n; D]

w =) 6)
P1 - n, D]
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FIGURE 20.—Impeller weight vs, impeller discharge diameter. 106—D-375.
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F1GURE 21.—Pump and pump-turbine weight vs. impeller discharge diameter. 106-D-376.
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2. The turbine homologous equations are cus-
tomarily written:

For constant diameter: For constant head :

Q (_Iﬁ 1/2 Q _ [(D)\2
QQ T \H Q (D_l)
P, (H2 8/2 P, _ (D;\?
v =@" ® -
n, = (H2 1z By D,
= @) 8-

where, for different conditions:

V, and V,=fluid velocity or peripheral veloc-
ity, '

Q; and Q,=—=discharge,

P, and P,—turbine power output or pump
power input,

n; and n,=rotational speed,
D, and D,=impeller/runner diameter, and
H, and H,—head.

3. Pump (n,,) and turbine (n,) specific speed
units conversion can be determined using the
following equations:

n (QBE) 1/2

n (Pd) 1/2
D= h

ne,, U.S. customary ft-gal/min units=51.7 n,
m-m3/s units

ng, U.S. customary ft-gal/min units=65 n,,
U.S. customary ft-hp units (approximate)

ng, M-KW units=3.03 n,,, m-m3/s units (ap-

prox.)
ng, m-hp units=4.45 n, U.S. customary ft-hp
. units
N, Mm-KW units=3.81 n,, U.S. customary ft-hp
units
Note:
1 megawatt=1,000 kilowatts
kilowatts=kilovolt-amperes *
power factor
1 horsepower (metric) =75 meter-kilograms
per second

1 kilowatt=101.971 meter-kilo-
grams per second

1 horsepower (metric)=1.014 horsepower
(U.8.)
1 horsepower (U.S.) =550 foot-pounds per
second
=0.7457 kilowatt
1 gallon (U.S.) =0.003 785 cubic meter
1 pound (mass) =2.204 622 kilogram
1 foot—=0.3048 meter



(1]

[2]

(3]

[4]

(51

[6]

[7]

(8l

[91

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

40

BIBLIOGRAPHY

Johnson, G. Dugan, “Worldwide Pumped-Storage
Projects,” Power Engineering, v. 72, No. 10,
October 1968.

Stepanoff, Alexey J., “Centrifugal and Axial Flow
Pumps,” 2d ed., J. Wiley, N.Y., 1957.

Winter, 1. A., “Hydraulic Turbine Practice—Eco-
nomic Principles in Design,” ASCE Proceedings,
v. 65, No. 9, 1939.

Meier, W., “Pump-Turbines,” Reprint from Escher
Wyss News, v. 1/2, 1962,

“Selecting Hydraulic Reaction Turbines,” Engi-
neering Monograph No. 20, Bureau of Reclama-
tion, 1976.

Karassik, Igor J., and Carter, Roy, “Centrifugal
Pumps,” F. W. Dodge Corp., N.Y., 1960,

Meier, W., Muller, J., Grein, H., and Jaquet, M.,
“Pump-Turbines and Storage Pumps,” Escher
Wyss News, 1971/72,

Hydraulic Institute Standards for Centrifugal,
Rotary, and Reciprocating Pumps, 12th ed., 1969.

Kimura, Yoshiaki, and Yokoyama, Tashiaki,
“Planning of Reversible Francis Pump-Turbines,”
Hitachi Review, v. 22, No. 8, 1973.

Swed, R. H., and Yang, K. H., “Experiences on
Start-Up and Trial Operation at Yards Creek
Pump Storage Project,” ASME Paper No. 68
WA/FE—14, presented at Annual Meeting, De-
cember 1968.

Henry, Laurence F. “Selection of Reversible
Pump-Turbine Specific Speeds,” presented to In-
ternational Pumped-Storage Conference, Wiscon-
sin Univ., September 1971.

Hibara, Toshikado, et al.,, “Some Results of Opera-
tion of a Water Turbine and Pump-Turbines for
Shin-Naragawa Power Station Chugoko Electric
Power Co.,” Hitachi Review, v. 19, No. 1, 1970.

Hironaka, Kazuo, et al., “810,000 kW Francis
Pump-Turbines of Okutataragi Pumped Storage
Power Station,” Mitsubishi Technical Review,
February 1975.

Hubbard, C. W., “Cabin Creek Pumped Storage
Project,” Water Power, v. 21, No. 4, April 1969.

Iijima, H., et al., “World’s Highest Head, Large
Pumped Storage Equipment for Ohira Power Sta-
tion,” Toshiba Review, No. 91, May, June 1974.

Klein, J., “Problems of Model Testing for High
Head Pump-Turbines,” International Association
for Hydraulic Research, Section for Hydraulic
Machinery, Equipment and Cavitation, Stockholm
Symposium, 1972,

Kuwahara, Susumu, “Equipping Pumped Storage
Stations in Japan,” Water Power, v. 24, No. 3,
1972,

Mackenzie, W., “The English Electric Generator/
Motor Turbine/Pumps at Cruachan Hydro-Electric
Station,” English Electric, v. 21, No. 4, July,
August 1966.

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

Mayo, H. A., “Raccoon Mountain Pump-Turbines,”
Allis-Chalmers Engineering Review, v. 35, No. 2,
1970.

Naganuama, Susumu, et al, “60,000-kW Pump-
Turbines and 70,000-kVA Generator Motors for
Shiroyama Power Station,” Hitachi Review,
Special Issue No. 13, 1965.

Nisinoiri, Kazuo; Takase, Mitsuo; and Okada,
Masayasu, “Manufacture and Operation of 64,000
kW Pump-Turbines for Midono Power Station,”
Hitachi Review, v. 20, No. 5, 1971,

Pfafflin, Goetz E., “Coo-Trois Ponts Project —
Stored Energy Supplies Peak Power,” Allis-
Chalmers Engineering Review, v. 34, No. 1, 1969.

Siebensohn, R. B., “The Jocassee Project—A
Hydro and Nuclear Power Partnership,” Water
Power, v. 22, No. 7/8, July/August 1970.

Takase, Mitsuo; Okada, Masayasu; and Takagi,
Nobuho, “310,000 kW Francis Pump/Turbine for
the Okutataragi Power Station,” Hitachi Review,
v. 23, No. 9, 1974.

Takase, Mitsuo, et al., “Field Test Results of
Larger Capacity Pump-Turbines,” (Ludington
Blenheim-Giboa) Hitachi Review, v. 23, No. 8,
August 1974.

Takase, Mitsuo, et al, “Recent Large Capacity
Pump-Turbines and Generator-Motors,” Hitachi
Review, v. 20, No. 7, 1971.

Thon, George, “General Aspects of Pumped Stor-
age Hydro Power,” Water Power, v. 22, No. 3,
March 1970.

Tonooka, Hidenori; and Nagnuma, Susumu, “The
Reversible Pump-Turbine for the Omorigawa
Power Station,” Hitachi Review, 1960.

“Turbines and Pumps,” Design Standards No. 6,
Bureau of Reclamation.

Wachter, Grover, F., “Pump-Turbines for Smith
Mountain,” Allis-Chalmers Electrical Review,
Second Quarter 1963,

Wirschal, Helmut H., “Reversible Pump-Turbines
for Raccoon Mountain,” presented to International
Pumped Storage Conference, Wisconsin Univ,,
September 1971.

Wolff, N, et al.,, “The 140-MW Ronkhausen Sta-
tion in West Germany,” Water Power, Special
Issue on Pumped Storage, v. 22, No. 3, March
1970.

Yang, Kuo-Hua, and Nichols, D. E., “Bear Swamp
Pumped-Storage Plant Will Start Up This Sum-
mer,” Water Power, v. 26, No. 5, May 1974,

Yamamato, Kagenhiko, et al., 240,000 kW Pump-
Turbine and Generator-Motor for Kisenyama
Pumped Power Station,” Hitachi Review, v. 20,
No. 7, 1971.

Yamazaki, Takumi, et al, “80,000 kW Pump-
Turbines and Generator Motors for Ikehara
Power Station,” Hitachi Review, Special Issue
No. 13, 1965.

% U.S. GOVERNMENT PRINTING OFFICE : 1977 O - 235-866



